All parameters describing the charge carrier dynamics in a poly͑phenylene vinylene͒-based photorefractive ͑PR͒ composite relevant to PR grating dynamics were determined using photoconductivity studies under various illumination conditions. In particular, the values of the coefficients for trap filling and recombination of charges with ionized sensitizer molecules could be extracted independently. It is concluded that the PR growth time without preillumination is mostly determined by the competition between deep trap filling and recombination with ionized sensitizer molecules. Further, the pronounced increase in PR speed upon homogeneous preillumination ͑gating͒ as reported recently is quantitatively explained by deep trap filling.
I. INTRODUCTION
The photorefractive ͑PR͒ effect is the spatial variation of the refractive index in an electrooptically active material in response to the formation a space-charge field in a photoconductor upon nonuniform illumination with light. This effect involves several photophysical processes: ͑a͒ the photogeneration of charge carriers, ͑b͒ transport and trapping of these charges, resulting in the buildup of a space charge field, and ͑c͒ creation of a refractive index contrast due to electrooptical ͑EO͒ effects. Because these processes are fully reversible, PR materials have been intensively studied with respect to their application in holography, data storage and time-gated holographic imaging ͑TGHI͒. [1] [2] [3] [4] While the PR effect in inorganic crystals has been known for 30 years, the first polymer exhibiting PR properties was reported in 1991. 5 Since then, the efficiency of PR composites based on polymeric or glassy-organic materials has been considerably improved, reaching values of close to 100%. [6] [7] [8] [9] [10] [11] In order to exhibit the PR effect, these materials must contain different functional moieties, providing photosensitivity, charge transport, and electrooptical properties. Most of the organic PR composites reported by now consist of low molecular weight charge-transporting moieties covalently attached to a passive polymeric backbone such as in polyvinylcarbazole ͑PVK͒ or polysiloxanes. 6, 9 Alternatively, photorefractive molecular glasses have been reported, which combine the chargetransporting moiety and the electrooptically active unit in one molecule. [12] [13] [14] More recently, main chain conjugated polymers have been introduced as fast and efficient PR materials. [15] [16] [17] [18] However, until recently, no PR materials exhibited a large PR response combined with a fast response in the near infrared, a wavelength range particularly attractive for the investigation of biological samples with TGHI. In a recent work, Mecher et al. demonstrated a near-infrared-sensitive PR polymer composite based on a photoconductive poly͑phenylene-vinylene͒ copolymer ͑TPD-PPV͒, 19 sensitized with the highly soluble fullerene derivative ͑PCBM͒. 18 When the two writing beams ͑wavelength 830 nm, total external write-beam intensity 3.27 W/cm 2 ) in the four-wave mixing experiment were switched on simultaneously, the material exhibited a rather slow response with grating build-up times in the range of seconds. If, however, the sample was homogeneously preilluminated at 633 nm with a pulse of approximately 1 s length and a light intensity of 5.2 W/cm 2 , an almost 40ϫ improvement in recording speed was observed. This effect was explained by the creation of a uniform distribution of mobile charge carriers ͑in this case holes͒ upon preillumination, which is spatially modulated by the intensity pattern of the two interfering writing beams.
In this paper we provide the quantitative understanding of the processes governing the build-up of the space charge field, either without or with preillumination. We present a detailed study of the parameters describing trapping, detrapping and recombination in this PR composite. It is shown that without preillumination, the temporal evolution of the space charge field is mainly governed by the filling of deep traps, in competition with the recombination of the photogenerated charges with ionized sensitizer molecules. Our results further show that the improvements in PR speed upon preillumination are mainly caused by the filling of these traps, resulting in a large and homogenous density of ionized sensitizer molecules.
II. THEORY
While the large diffraction efficiencies observed in several PR composites can be well understood by the orientation of chromophores with a large anisotropy of the molecular polarizability by the space charge field ͑the so-called orientational enhancement effect͒, 6, 8, 10, 20 the factors controlling the PR response time are discussed controversially. [21] [22] [23] [24] [25] Both, the theory by Kukhtarev, 26 originally developed to describe the PR response in inorganic materials, as well as Schildkraut's model for organic PR composites 27, 28 have been used in an attempt to correlate photophysical parameters and characteristic PR growth times. 23, [29] [30] [31] The latter model involves several basic photophysical steps such as the photogeneration of free charge carriers on the photoconductive host via photoionization of sensitizer molecules, the drift of these charges and trapping into neutral traps, and finally detrapping from these traps and recombination with ionized sensitizer molecules. The kinetics of these processes is governed by various parameters such as the total density of traps and the coefficients for carrier trapping, thermal detrapping, and recombination. Therefore, the complete understanding of the response of a PR composite requires knowledge of all of these quantities. In a recent paper, Ostroverkhova and Singer have studied the photocurrent dynamics and the PR growth characteristics of various PVK-based PR materials. 25 They were able to correlate the characteristic rise times of single-pulse transient photocurrent experiments to the values of various photophysical parameters relevant to the PR growth. Further, the agreement between experimental PR growth times and model predictions could be substantially improved by introducing a second trapping level into Schildkraut's theory. As outlined in the following, this model is also appropriate to describe the charge carrier kinetics in the TPD-PPV-based composite studied here.
Assuming that the absorption of the material is quite low, the beam intensity can be considered to be constant throughout the whole layer thickness. If one, further, assumes that the sensitizer acts as a deep electron trap, the photocurrent is solely determined by the motion of holes in the polymer matrix. Then, the transient photoconductivity can be described by the following set of equations:
Here, is the density of mobile holes, I the light intensity, e the elementary charge, the mobility of free holes, E the applied electric field, S the initial density of sensitizer molecules, S Ϫ the density of ionized sensitizers, T ϩ and T the densities of filled shallow traps and the total densities of shallow traps, respectively, M ϩ and M the densities of filled deep traps and the total densities of deep traps, respectively, ␥ T and ␥ M the trapping coefficients for shallow and deep traps, ␤ T and ␤ M the corresponding thermal detrapping rates, and ␥ R the recombination coefficient. Further, the factor s describing photogeneration is given by sϭ␣/hcS ͑in the limit of low absorption͒, with the quantum efficiency of photogeneration, ␣ the absorption coefficient, the wavelength of light, and c the speed of light in vacuum. Note that equation 1 b implies charge neutrality. All variables and parameters are assumed to be constant throughout the whole layer thickness.
In the work by Ostroverkhova and Singer, 25 the generation efficiency and the carrier mobility were measured as a function of electric field using xerographic discharge and time-of-flight experiments. Further, the values of the parameters ␥ R , ␤ T , ␤ M , ␥ T ϫT, and ␥ M ϫM were determined from the analysis of the characteristics growth times of single pulse transient photoconductivity experiments. However, their analysis did not allow for an independent determination of trap densities and trapping coefficients.
In the following, we demonstrate that all parameters describing trapping and recombination can be determined experimentally using single-pulse, double-pulse, and cwphotoconductivity experiments. Further, these parameters are used to simulate the growth of the space charge field under the experimental conditions as reported in Ref. 18 .
III. EXPERIMENTAL
The photorefractive composite studied here is based on a photoconductive poly͑phenylene-vinylene͒ copolymer ͑TPD-PPV͒ ͑Ref. 19͒ ͑56 wt. %͒, an eutectic mixture of two azobenzene EO chromophores ͓2,5-dimethyl-͑4-pnitrophenylazo͒-anisole and 3-methoxy-͑4-p-nitrophyslazo͒-anisole, wt. ratio 1:1, 30 wt. % total concentration͔, the plasticizer diphenyl-phthalate ͑13 wt. %͒ and a highly soluble fullerene derivative ͑PCBM, 1 wt. %͒ as the sensitizer. 18 The resulting composite has a glass transition temperature T g of 10°C. For this composition, a sensitizer density S of 8 ϫ10 18 cm Ϫ3 was calculated. For our studies, the material was sandwiched between two ITO-coated glass substrates, yielding a thickness of the active layer of 37 m. All photoconductivity experiments were performed at room temperature by illumination with a diodelaser ͑spot size around 0.04 cm
2 ) operating at a wavelength of 690 nm and an intensity of 5 -200 mW/cm 2 . At this wavelength the absorption coefficient ␣ is 50 cm Ϫ1 , which allowed us to perform fast transient photocurrent measurements at moderate intensities with homogeneous light intensity throughout the active layer. Note that the PR experiments published in Ref. 18 had been performed with a writing wavelength of 830 nm and a gating wavelength of 633 nm.
A constant electric field of up to 27 V/m was applied around 60 s before starting the transient photocurrent experiments. Under these conditions the dark current was around 0.5ϫ10 Ϫ6 A/cm 2 , well below the typical photocurrents. The light pulses were formed by an electro-optical modulator ͑LM0202P from Linos͒ controlled by a pulse generator ͑Agi-lent 33120A͒. The time evolution of the photocurrent was measured with a digital storage oscilloscope ͑Tektronix 210͒ using a photocurrent multiplier ͑P9202-4 from GigahertzOptik͒. The electric field was applied with a source-measure unit ͑Keithley 237͒, which also served as the electrometer in the dc-photoconductivity experiments. Xerographic discharge experiments have been performed to deter-mine the quantum efficiency as a function of the electric field.
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IV. RESULTS AND DISCUSSIONS
A. Determination of free carrier mobility and shallow trapping parameters
A typical photocurrent transient for short-pulse illumination is shown in Fig. 1͑a͒ . It is characterized by a continuous growth of the photocurrent. As outlined in the following, the photocurrent transients for single pulses of up to 10 ms duration are almost entirely determined by trapping of holes by one trapping species ͑here denoted as shallow traps͒ and recombination of the charge carriers with ionized sensitizer molecules.
The experimental transients of the photocurrent density j photo (t) could be satisfactorily modeled using Eqs. ͑1͒ and ͑2͒ with setting M ϭ0. Interestingly, a good agreement with the experimental results was only possible within a rather narrow range of mobilities, regardless of the choice of all other variable parameters. To illustrate this point, we have simulated the experimental transients with Eqs. ͑1͒ and ͑2͒, varying all parameters expect the mobility. The results are shown in Fig. 1͑a͒ for three different values of . Apparently, the initial rise of the photocurrent can be only described by using a mobility in the vicinity of 1.5-1.9 ϫ10 Ϫ5 cm 2 /V s. This large sensitivity of the initial slope to the value of is due to the fact that in this early stage of illumination, the density of free holes and thus the rates for carrier trapping and recombination are insignificant ͓see Fig.  1͑b͔͒ . Thus, the initial photocurrent rise is determined by the generation and drift of free carriers, resulting in
With ϭ0.13 measured by xerographic experiments at a field of 25 V/m, the best fit was obtained for a hole mobility of ϭ1.7ϫ10 Ϫ5 cm 2 /V s. The further evolution of the photocurrent transient is characterized by two processes associated with two time constants and two plateau values. The analysis of the trapping and recombination rates from the theoretical simulation shows that the first plateau appearing after around 0.1 ms is characterized by the equality of the generation rate and the trapping rate ͓see Fig. 1͑b͔͒ , yielding
In the second plateau ͑appearing at the end of the pulse͒, the density of filled shallow traps T ϩ has reached its steady-state value and the generation rate is equal to the recombination rate, resulting in
If one further presumes that all hole traps are filled at the end of the pulse (T ϩ ϭT), the ratio between the hole densities in the first and the second plateau and of the corresponding photocurrent densities j P1 and j P2 ͑assuming a constant mobility͒ is proportional to the ratio of the recombination coefficient ␥ R and the trapping coefficient
The observation that the photocurrent in the second plateau is larger than in the first plateau suggests that ␥ T Ͼ␥ R , meaning that the trapping into shallow traps is rapid.
In order to determine the full set of shallow trapping parameters, both the rise and the decay of the photocurrent upon pulsed illumination was recorded. Figure 2 shows the experimental PC transients for a pulse length of around 6 ms and the simulations with either neglect or inclusion of detrapping. Values of ␥ R , ␥ T , T, and ␤ T were determined by varying these parameters independently to give the best . Based on the simulations and the shallow trapping parameters, the follow conclusions can be drawn: Under the chosen illumination conditions, the shallow traps are filled within few milliseconds, which is partially due to the exceptionally large trapping coefficient ␥ T for shallow traps. Furthermore, the first sharp decay after switching off the light can be attributed to the fast recombination of free charge carriers with ionized sensitizer molecules. The simulation also shows that the following gradual decay of the photocurrent is due to rapid detrapping from shallow traps.
B. Determination of deep trapping parameters
When the sample is illuminated using pulses longer than around 10 ms, a gradual decay of the photocurrent is observed ͑see, e.g., Fig. 3͒ . Following the line of interpretation in Ref. 25 we attribute this to an increase of the density of recombination centers S Ϫ due to the filling of a second trapping level M ͑here denoted as deep traps͒. While the analysis of the photocurrent decay would only yield information on the product ␥ M ϫM , it was possible to extract values of M and of the ratio ␤ M /␥ M independently from the intensity dependence of the photocurrent under cw-illumination.
As can be seen from Eq. ͑5͒, which is a simplified version of the steady-state solution of Eqs. ͑2a͒-͑2c͒ for the case ӶM ϩ ͑further neglecting shallow trapping and sensitizer depletion͒, the slope of the intensity dependence of the photocurrent at high intensities is proportional to M Ϫ1 while the initial sublinear dependence at low intensities as observed experimentally ͑Fig. 4͒ can be assigned to detrapping:
In order to deduce the deep trapping parameters, the experimental intensity dependence was analyzed with the steadystate solution taking into account both trap levels, resulting in a third-order equation for the charge carrier density :
Note that Eq. ͑6͒ was derived in the limit ӶM ϩ , T ϩ , and M ϩTӶS. According to the values of the photophysical parameters listed in Table I , this approximation is indeed meaningful.
Assuming a constant charge carrier mobility of 1.7 ϫ10 Ϫ5 cm 2 /V s and using values of ␥ R , ␥ T , T, and ␤ T as determined from the simulations of short pulse experiments, the best fit to the experimental intensity dependence of the photocurrent yielded ␤ M /␥ M ϭ(1.4Ϯ0.2)ϫ10
13 cm Ϫ3 and M ϭ(1.5Ϯ0.2)ϫ10 16 cm Ϫ3 . The value of M compares well with typical steady-state densities of ionized sensitizers, measured in PR composites for the case that the EO chromophores do not constitute traps. 34 In our PR material, the ionization potential of the used azobenzenes is larger than of Ϫ1 and a light intensity of 100 mW cm Ϫ2 with a pulse length of 140 ms ͑open triangles͒ and 400 ms ͑open circles͒. Solid lines show simulations according to Eqs. ͑1͒ and ͑2͒, taking into account both shallow and deep traps, and using the parameters in Table I. FIG. 4. Dependence of the steady-state photocurrent density j photo ͑open sqaures͒ on the illumination intensity. Also shown are simulations according to Eq. ͑5͒, with ͑solid line͒ and without thermal detrapping ͑dashed line͒ from deep traps. The dotted line shows a simulation according to Eq. ͑6͒ taking into account both deep and shallow traps.
the TPD-PPV photoconductive host by at least 0.8 eV, i.e., the chromophores do not contribute to carrier trapping.
The value of ␤ M has been independently determined from double-pulse experiments with defined delay between the subsequent pulses as shown in Fig. 5 18 This suggests that deep trap filling is the major process involved in the gating effect.
Compared to the coefficient for recombination and shallow trapping, the deep trapping coefficient is very low. On the other hand, detrapping from deep traps is significant even at RT. One consequence of thermal detrapping is that the degree of trap filling in the steady state is a function of illumination intensity. This, further, implies that the density of ionized sensitizer molecules will be a function of the light intensity. Further note that the intensity dependence became almost linear when the sample was cooled down to a temperature below T g . This suggests that detrapping from deep traps is assisted by molecular motion. A similar conclusion had been drawn from photocurrent and PR experiments performed on PVK-based composites with glass-transition temperatures below and above room temperature. 35, 36 Finally, these photoelectrical parameters have been verified by simulating photocurrent transients with different pulse lengths. As an example, simulations of a 140 ms and of a 400 ms pulse are compared to the experimental photocurrent transients in Fig. 3 . The agreement is remarkable, having in mind that all parameters have been deduced assuming a constant ͑time-independent͒ mobility. However, note that a better agreement to all single pulse measurements was obtained by slightly increasing M to 2.0ϫ10 16 cm Ϫ3 . This value was used in the simulation of the PR properties as described below. The complete set of parameters is summarized in Table I .
Simulation of PR properties-0th-order parameters. In order to understand the kinetics of grating formation and the effect of gating in the PR four-wave mixing experiments, the temporal evolution of the density of free charge carriers and of trapped carriers was simulated using Eq. ͑2͒ ͑including both shallow and deep traps͒, using the writing conditions in the holographic experiment as in Ref. 18 ͑writing wavelength 830 nm, grating periodicity 3.5 m, absorption coefficient 5 cm Ϫ1 , total internal intensity 1.0 W/cm 2 , and applied external field 60 V/m͒. For the simulation, a quantum efficiency of ϭ0.25 as measured by xerographic experiments at a field of 60 V/m was used. All other photophysical parameters were deduced from the photocurrent experiments as described above, which were performed at a field of around 27 V/m. We like to point out that according to the large number of investigations on the charge carrier motion in organic materials, the mobility ͑and with that the trapping coefficients͒ at the field used in the PR experiment is expected to be larger than at the field used for the photophysical investigations. Also, detrapping might be more efficient at larger fields. We are well aware of these problems, which are mainly due to experimental constrains. Also, for experimental reasons, the wavelength of light utilized in our photophysical studies was different from the wavelength of the writing laser and the light used for the homogeneous preillumination in the PR experiments. Nevertheless, we are of the opinion that the simulations outlined in the following provide a conclusive picture of the processes governing the PR growth in this PR composite.
Without preillumination, the simulated transient of the 0th Fourier component of M ϩ as shown in Fig. 6͑a͒ is characterized by a gradual increase extending over several orders of magnitude in time, accompanied by an increase in the density of ionized sensitizer molecules ͓Fig. 6͑c͔͒. The steadystate is reached after more than 10 s. This behavior closely 5 . Dependence of the photocurrent at the end of the second pulse on the delay time between two pulses in double-pulse illumination experiments ͑pulse length 100 ms͒. The dashed line is a guide to the eye. resembles the PR grating response shown in Fig. 1 of Ref. 18 ͓also included in Fig. 6͑a͔͒ . Even though the diffraction efficiency is not a linear function of the 0th-order density of filled traps, the rather good agreement between the temporal evolution of M ϩ and suggests that in the absence of preillumination, the PR signal growth is mainly determined by the homogeneous filling of deep traps.
In the second step, the effect of gating has been analyzed by simulating transients immediately following preillumination with various gating intensities I g ͑gate pulse length 955 ms, ϭ633 nm, ␣ϭ155 cm Ϫ1 ). Based on the simulations shown in Fig. 6 , we conclude that the main effect of gating is the filling of deep traps, accompanied by the creation of a large homogeneous density of ionized sensitizer molecules. Apparently, the PR growth time after intense gating can not be correlated to any specific growth time of the 0th-order parameters. On the other hand, the gradual decay of the PR efficiency for times larger than around 200 ms seems to closely match the decrease in the density of ionized sensitizer molecules ͓Fig. 6͑c͔͒. Apparently, the density of ionized sensitizer molecules limits the strength of the PR spacecharge field in the quasi-steady-state after the initial fast growth.
Simulation of PR properties and space charge field. For illumination with a sinusoidal intensity pattern, the diffraction efficiency in the holographic degenerate four-wave mixing experiment is given by
͑7͒
Here, d is the sample thickness, is the wavelength of reading light, ␣ i is the internal angle of the read beam, and ⌬n 1 is the first Fourier component of the spatial modulation of the refractive index. Note that Eq. ͑7͒ neglects the absorption of light by the PR material. Further, in the limit of orientational enhancement, ⌬n 1 is directly proportional to the first Fourier component of the space charge field E SC,1. . 20 Then, for diffraction efficiencies well below 100%, should be proportional to the square of E SC,1 . The kinetic of E SC,1 is determined by the temporal evolution of the first-order Fourier components of the density of holes 1 , ionized sensitizers S 1 Ϫ , filled shallow traps T 1 ϩ , and filled deep traps M 1 ϩ :
with ⌳ the grating periodicity. The relevant first-order densities as a function of time were calculated on the basis of the coupled system of nonlinear differential equations as published in Refs. 25, 27 . In this simulation, the coefficient of the field dependence of the generation efficiency p was set to 0.9 as determined from the results of the xerographic discharge experiments. Figure 7 compares the predicted transient of (E SC,1 ) 2 , calculated by taking into account both shallow and deep traps, to the experimentally determined PR growth curves. Without gating, the simulation ͑solid line͒ explains the main growth of the diffraction efficiency well ͑solid symbols͒. Interestingly, the first sharp step in the predicted transient associated with shallow trap filling does not appear in the experimental holographic growth curve. In fact, a better agreement to the experimental PR data is obtained when neglecting the contribution by shallow traps, while leaving all other parameters unchanged ͑not shown here͒. This particular result is not yet understood and requires further investigations. Here, we would like to mention three possible explanations: First, as outlined above, the photoelectrical investigations have been performed at different conditions ͑field, wavelength͒ than the PR experiments. We have no information on the dependence of the shallow and deep tapping coefficients and detrapping rates on the electric field. However note, that if, e.g., shallow detrapping became more rapid at higher electric fields ͑at the PR writing conditions͒, the degree of shallow trap occupation and with that the contribution to the space charge field would be smaller than determined from our simulations. Second, based on the rather large trapping coefficient ␥ T one might presume that the corresponding sites are charged traps ͑e.g., ionic impurities, extended dipoles͒. Those traps are not considered in Schildkraut's model used here. Finally, the initial fast rise of E SC due to shallow trap filling might be ''smeared out'' by the slower chromophore dynamics as outlined below.
After intense gating ͑with 5.2 W/cm 2 ) the simulation predicts a rapid increase of the diffraction efficiency, followed by a plateau and finally a gradual decay. The general shape of the calculated transient compares well with the PR diffraction curve measured after intense gating. However note, that the experimental growth after gating is around a factor of 10 slower than the predicted growth time. Based on recent ellipsometric experiments 37 we conclude that the PR response is now limited by the slower orientational dynamics of the chromophores.
The simulation with the parameters listed in Table I yields a maximum strength of the space charge field of around 20 V/m. This is still well below the projection of the external field on the direction of the grating vector, yielding around 30 V/m. Unfortunately, the strength of the space charge field in the present system is not known. Kim et al. have recently measured the magnitude of the space charge field in a photorefractive composite based on a poly͓methyl-3-͑9-carbazolyl͒propoylsilane͔ photoconduction matrix sensitized with trinitrofluorone ͑TNF͒. 38 For an external electric field of 30 V/m, this material exhibited a diffraction efficiency of 30%. Under these conditions, the space charge field estimated from a comparison of birefringence and PR experiments was around 6 V/m. Thus, the magnitude of E SC obtained from our simulations seems to be reasonable.
Simulation of PR properties-first-order parameters. At this point the question arises which photophysical processes limit the PR response time. Figures 8͑a͒, 8͑b͒ compare the 0th and first-order Fourier components of the density of ionized sensitizers and filled deep traps. For simplicity, shallow trap filling has not been considered in this simulation. Without gating, the first-order component dominating the rise of the space charge field is the spatial modulation of the density of ionized sensitizer molecules S 1 Ϫ . Even after 10 s, the spatial modulation in the ionized sensitizer concentration exceeds that of the first Fourier component of deep trap occupation. Further, the first Fourier component of the density of filled traps is much smaller than the 0th-order component, meaning that the occupation of deep traps is almost constant in space.
According to our simulations, the main process controlling the build-up of the space charge field is the homogenous filling of deep traps M (t). This process concurrently creates a large density of negatively charged ionized sensitizer molecules S(t) which finally forms the space charge field ͓be-cause the filling of shallow traps was neglected and the free carrier density is low, on the order of 10 14 -10 15 cm Ϫ3 , M (t) is comparable to S(t)]. Note that a major prediction of Schildkrauts model is that the steady-state saturation field ͑the maximum possible space charge field͒ is linearly proportional to the density of filled traps. 28, 36 Since the kinetics of free holes is fast ͑compared to the trapping and detrapping͒ it is meaningful to propose that the density of filled traps also limits the space charge field during the holographic grating growth discussed here. In fact, the simulations in Fig. 8 show that the growth of the space charge field adiabatically follows the homogeneous filling of deep traps.
Assuming that all photogenerated carriers contributed to homogenous trap filling, the time needed to photogenerate the number of carriers necessary to fill all deep traps is approximately determined by
Under the experimental PR writing conditions, growth is predicted to be few milliseconds, only. This is orders of magnitude faster than the observed PR growth time without preillumination. However, according to our studies, the deep trapping capture coefficient ␥ M is much smaller than the recombination coefficient ␥ R . Therefore, most carriers recombine with ionized sensitizer molecules before occupying a deep trap. With ␥ M /␥ R around 1/5000, the time to fill all deep traps is estimated to be of the order of seconds, in good agreement to the experimental PR growth time.
Intense gating with homogenous illumination creates a large density of ionized sensitizer molecules and deep traps S 1 Ϫ and M ϩ . The PR dynamics is then determined by the rapid growth of S 1 Ϫ , caused by the efficient neutralization of ionized sensitizer molecules in the dark regions by free charge carriers generated in the bright grating areas. In fact, the modulation of the density of trapped charges, as expressed by M 1 ϩ remains very low throughout the whole simulation. This can be understood by the fact, that after intense gating the degree of deep trap filling is close to saturation. Therefore, the build up of M 1 ϩ requires detrapping from deep traps, which is a slow process.
Under the assumption that the density of filled traps during writing remains almost constant, the PR speed is entirely governed by the generation of charges and their recombination with ionized sensitizer molecules. The latter process is described by the coefficient ␥ R . Compared to the slow deep trap filling governing the charge carrier dynamics in the case without preillumination, the gain in PR growth speed upon gating should, therefore, be related to the large ratio of the coefficients for carrier recombination and trapping. However, note that the initial growth of the signal in the PR experiments considered here is partially determined by the chromophore dynamics, and a quantitative comparison of the growth times with and without gating is not meaningful.
Simulation of PR properties-PR growth time and decay. At this point, we would like to finally comment on the significance of various photophysical parameters in determining the PR growth and decay, without and with gating. Figure 9 shows simulations of (E SC,1 )
2 for different combinations of ␥ M and ␤ M . As outlined above, the main process limiting the growth of the space charge field without gating is the competition between trapping of charges in deep traps and recombination with ionized sensitizer molecules. Therefore, the initial growth of (E SC,1 ) 2 should depend strongly on the chosen value of ␥ M . This is clearly expressed by the significant shortening of the PR growth time when increasing ␥ M from 2ϫ10
Ϫ15 to 5ϫ10 Ϫ15 cm 3 s Ϫ1 . On the other hand, increasing the detrapping coefficient ␤ M mainly slows down the growth at longer times. Moreover, a larger value of ␤ M implies a lower degree of deep trap filling in the steady state and, concurrently, a smaller steady-state space charge field.
After intense gating, the predicted PR growth is mainly governed by the generation and recombination kinetics. Consequently, varying the values of ␥ M and ␤ M does not significantly alter the PR growth time. However, increasing ␤ M strongly affects the gradual decay of the space charge field and, eventually, the steady-state value of E SC,1 . This decay is due to the fact that the degree of trap filling ͑and thus of the density of ionized sensitizer molecules͒ in steady state depends on the light intensity, as mentioned above. Therefore, the values of M ϩ and S Ϫ after intense gating are predicted to exceed the equilibrium densities at the more moderate writing conditions used in the PR experiment. Consequently, both the experimental and simulated PR response after intense gating exhibit a gradual decay due to carrier detrapping from deep traps and recombination with ionized sensitizers. Increasing ␤ M largely accelerates this decay, while a larger value of ␥ M mainly increases the diffraction efficiency in the steady state.
We, finally, would like to note that the agreement between the simulated transients of (E SC,1 ) 2 , using the photophysical parameters deduced from the photocurrent experiments as described above, and the diffraction efficiencies published earlier 18 is remarkably good for intermediate times between around 100 ms and 10 s. For shorter times, the PR response is apparently limited by the orientational dynamics of the chromophores, which was not taken into account in these simulations. However, the deviation between the simulations and the experimental results for longer times (tϾ10 s) is yet not understood. We presume that an additional deep trapping level exists, with an even slow detrapping dynamics, which becomes predominately occupied during intense gating. Photophysical experiments covering a larger time range need to be performed to reveal the reason for this discrepancy.
V. CONCLUSIONS
In conclusion, all photophysical parameters relevant to the PR growth in a PPV-based PR composite have been determined from a combination of photocurrent experiments. Based on these parameters, the growth of the space charge field has been simulated, taking into account the effect of preillumination ͑gating͒. Without preillumination, the PR growth is governed by the filling of deep traps ͑Fig. 10͒. This process concurrently generates the large density of ionized sensitizer molecules, necessary for the build up of the space charge field. The ratio between the coefficients for deep trapping and for the recombination of free charges with ionized sensitizer molecules is identified to be a major factor controlling the PR speed without preillumination. Gating creates a large homogeneous density of ionized sensitizer molecules FIG. 9 . Square of the space-charge field ͑first Fourier component͒ according to simulations without and with intense gating, simulated with different combinations of the deep trapping coefficient ␥ M and the detrapping rate ␤ M . All other parameters are identical to those in Table I. due to deep trap filling ͑Fig. 11͒, with the PR growth time now being determined by the kinetics of neutralization of these molecules by free charge carriers. Our simulations can also well explain the long-term decay of the PR diffraction efficiency after intense gating. It is due to the fact that the degree of trap filling in steady-state depends on the illumination intensity. Under the experimental conditions used in Ref. 18 the degree of trap filling and with this the density of ionized sensitizer molecules is larger after intense gating than under the more moderate writing conditions. We, finally, would like to comment on the applicability of alternative models to determine the PR growth time in this system. According to Yeh, 39 there is a fundamental limit for grating formation given by the time required to generate the space-charge density that causes the steady-state spacecharge field across one grating period. All other processes, namely, charge transport, charge trapping, and chromophore orientation are assumed to occur instantaneously after the photogeneration of the charge carriers as any finite time involved in these processes can only lengthen the formation time of the grating. Under these assumptions the fundamental limit for the growth time is given by SC ϭ 2 0 E SC e⌳ ប ␣I .
͑10͒
With E SC around 20 V/m, this limit can be estimated to around 1 ms, well below the measured PR growth time without gating. This discrepancy is expected since Yeh's model neglects the effect of homogenous trap filling and carrier recombination. Consequently, the prediction by Yeh's model is unable to describe the PR growth without gating, but yields a growth time in rather good agreement to our simulation after intense gating. Alternatively, the simplest version of Kukhtarev 26 taking onto account one trapping level has been used to describe PR growth times in organic PR materials. Neglecting contributions by carrier diffusion, the growth of the space charge field is given by
with L D the drift length of free carriers, which is equal to D E. Here, D is the lifetime of carriers, determined by trapping and recombination. If one uses values for and D as calculated under the steady-state PR writing conditions, the magnitude of SC is of the order of few milliseconds. Again, this is far below the observed PR growth time. We presume that the failure of this simple model to describe the photorefractive growth kinetics is mainly due to two effects. Assuming only one trapping level, the carrier dynamics in Kukhtarev's model is determined by the photoinduced detrapping of carriers, the drift and the trapping of these carriers. This implies, that the grating dynamics is mainly governed by the crosssection for photoinduced detrapping ͑which corresponds to the generation coefficient s in the FIG. 10 . PR grating formation in the absence of gating. ͑a͒ Material does not contain any charges before the PR experiment. ͑b͒ PR grating formation is governed by filling of traps and the creation of a spatially modulated ionized acceptor density.
FIG. 11. PR grating formation in the presence of gating. ͑a͒ As a result of uniform illumination, the material contains homogeneously distributed charges before the PR experiment. ͑b͒ PR grating formation is governed by neutralizing primarily the ionized acceptor density in the dark regions.
Schildkraut model͒ and the coefficient for trapping ͑which is identical to the trapping coefficient ␥ T or ␥ M ). On the other hand, carrier recombination as described by the coefficient ␥ R is not contained in this model. In our case, recombination is fast and a vast fraction of photogenerated carriers recombines before being trapped. Second, Kukhtarev's model is based on the redistribution of a constant number of charge carriers ͑as supplied by a given density of donor sites͒. In contrast to that, the initial density of charge carriers ͑mobile and trapped͒ in organic PR materials is very low. In fact, since the number of carriers is determined by the competition between generation and recombination, the average density of carriers is a strong function of time ͑and intensity͒. We, therefore, presume that the one level Kukhtarev model is not applicable to a vast majority of organic PR composites.
We, finally, want to point out that pronounced effects of preillumination on the PR properties have been reported by others. 3, 21, 25, 34, 40, 41 In most of these cases, preillumination increased the characteristic PR growth time, in contrast to the gating effect observed here. A final explanation of these differences would require a detailed analysis of various PR materials. However, based on our experiments, we propose that the rather low trap density in combination with a large recombination coefficient in our TPD-PPV composite is a major perquisite for the observed improvement in PR response upon preillumination.
